I. Introduction
===============

Clinical decision-support models are designed to provide expert support for health professionals making clinical decisions. The models use embedded clinical knowledge to help clinicians analyze patient data and make decisions regarding diagnosis, prevention, and treatment \[[@B1]\]. In this study, we focused on developing a clinical decision support model to predict occlusal force in bruxism patients. Bruxism is a parafunctional activity including jaw clenching and grinding of teeth during the day and/or night. Twenty percent of the adult population, mostly females, suffers from bruxism. The etiology of bruxism has a multifactorial nature; tics, life stress or parafunction is believed to be associated with bruxism \[[@B2][@B3]\]. The consequences of bruxism include loss of tooth structure, cracked teeth, tooth pain and hypersensitivity, facial pain, and masticatory muscle and joint pain. The diagnosis of bruxism should be done using multiple dimensions, including an oral history and questionnaires, an extra-oral and intra-oral inspection for clinical signs of bruxism, and, in some cases, an electromyographic (EMG) recording of the activity of the masticatory muscles or even a polysomnographic (PSG) recording of the sleeping patient \[[@B4]\]. Although there is no definitive evidence for the treatment, bruxism can be managed using occlusal splints along with counselling to address the patient\'s awareness of the parafunctional habits, stress reduction and sleep hygiene instructions, and in some cases, short-term pharmacological interventions in close collaboration with medical specialists \[[@B5]\].

The occlusal splint has been frequently used as an effective treatment for bruxism to protect teeth from damage caused by forceful jaw muscle contractions or to reduce orofacial pain, if present \[[@B6]\]. However, little is known regarding the mechanism of action for occlusal splints. Most studies have examined the changes in the masticatory muscle activity before and after the application of an occlusal splint, and they showed that occlusal splint treatment resulted in a decrease in nocturnal masticatory muscle activities in patients with bruxism \[[@B7]\]. Furthermore, Kurita et al. \[[@B8]\] suggested that the use of a stabilization splint has an effect of reducing the hyperactivity and asymmetry in the activity of the jaw elevator muscles and consequently elicits a stable and physiologically optimal occlusal force from the muscles. In addition, Holmgren et al. \[[@B9]\] showed that splints redistribute the load borne by the teeth and the masticatory system. It has been suggested that the relief of bruxism symptoms with splint treatment may be a result of the redistribution of overloading \[[@B10]\]. According to these suggestions, the redistribution of forces and the reduction of bruxism symptoms with the use of occlusal splints may change the maximum occlusal force that has often been studied as an indicator of the functional state of the masticatory system \[[@B11]\].

Articulating paper is used to identify contact points between the maxillary and mandibular teeth \[[@B12]\]. Occlusal adjustments are made by selectively grinding the paper marks to obtain occlusal stability, to establish multiple contacts throughout the arches that exhibit simultaneity, and to reduce stresses on the teeth and the periodontium. The use of articulation paper is the most commonly used method to determine excessive force in differing occlusal contacts. Patients occlude upon strips of articulation paper that leave behind various ink markings on the tooth surface. The subjective interpretation of articulating paper markings is the most commonly employed method that clinicians use to select tooth contacts for occlusal treatment. However, mark size is indicative of contact location and surface area only and does not quantify the occlusal force between the maxillary and mandibular teeth \[[@B13]\]. Digital occlusal analysis has been shown to consistently measure relative occlusal forces in a highly repeatable fashion. The recording sensor is placed intraorally between the dental arches to capture real-Fetime occlusal force and time-sequence data when a patient bites or makes movements across the recording surface. The recorded occlusal force data offers the operator information about the occlusal contact locations that have excessive occlusal force when compared to the highly subjective method of judging the size, appearance and characteristics of articulating paper marks. The aim of the present study was to develop a clinical decision support model that helps general practitioners to predict the occlusal force from the articulating paper mark size and color on the occlusal splint in bruxism patients. We developed a prediction model for the occlusal force using a multiple regression equation for the articulating paper mark size in pixels and the color intensity including red, green, and blue.

II. Methods
===========

1. Occlusal Splint Application Procedure
----------------------------------------

A total of 30 participants with ages ranging from 20 to 30 years old were enrolled with corresponding approval by the Ethical Committee of Human Investigation. All participants gave their written informed consent as approved by the Institutional Ethical Review Board (No. DENTSWU-EC03/2560). The data collection procedure was carried out in the out-patient department of the dental clinic of the university hospital where the first author was a staff member from January to December 2015. A dentist who is an expert in the masticatory field was the consultant for the program and responsible for the diagnosis and management of bruxism. All the participants were identified as having sleep bruxism and had all maxillary teeth from the right second molar to the left second molar. The exclusion criteria included participants who had a history of orthodontic treatment or were currently under orthodontic treatment, those who were pregnant or breast feeding, and those with an allergy to acrylic resin. Additionally, participants were excluded from this study upon showing signs and symptoms of an acrylic allergy, such as redness of the oral cavity tissue, inflammation or a wound caused by the occlusal splints, or a desire to quit the study.

Canine-protected hard stabilization splints were personally constructed for each participant. Articulating paper (12-µm, Hanel; Coltene/Whaledent GmbH, Langenau, Germany) was used for occlusal adjustment on the flat surface of the splint on the eccentric position. The flat surface of the occlusal splint was adjusted first until all mandibular teeth were consistently attached to the flat surface of the splint. Then, the incline of the canine rise was adjusted to align with both the forward and lateral condyle movement. The final adjustment was performed to facilitate the speaking, swallowing and lip closing of the participant.

2. Articulating Paper Marking Analysis
--------------------------------------

We used the information from the datasets of 30 bruxism patients. The photos of the articulating paper marks were taken using a digital single-lens reflex camera (Pentax; manual mode setting, focal length = 105 mm, aperture area = F10, and shutter speed = 1/60 s). The camera height was 210 cm from the floor. The occlusal splints were placed on a table that was 70 cm high. A total of 250 articulating paper mark areas were manually identified by the dentist from 30 splints. The digital measurements of the size and color ([Figure 1](#F1){ref-type="fig"}) of the articulating paper markings on the canine-protected hard stabilization splints were recognized by the pixels (P) and the red (R), green (G), blue (B) values, respectively, using Adobe Photoshop software (Adobe Systems, San Jose, CA, USA).

The pixel data were normalized prior to the calculation using the following equation:

According to our experiment, the mean and standard deviation for the pixels were 6785.49 and 3252.12. If the pixel data were 6000, the normalized pixel data were (6000 -- 6785.49) / 3252.12 = 0.24.

Photoshop RGB color mode uses the RGB model assigning an intensity value to each pixel. In 8 bits per channel images, the intensity values range from 0 (black) to 255 (white) for each of the RGB (red, green, blue) components in a color image. When the values of all three components are equal, the result is a shade of neutral gray. When the values of all the components are 255, the result is a pure white; when the values are 0, the result is pure black.

3. Computerized Occlusal Force Analysis
---------------------------------------

The computerized occlusal analysis technology used in this study was the T-Scan III system (Tekscan Inc., South Boston, MA, USA). It has been shown to be capable of repeatedly measuring the relative occlusal force \[[@B14]\]. The sensor is an electronically charged, Mylar-encased recording thinfilm sensor, which can acquire 256 levels of relative occlusal contact force as a patient intercuspates, or makes excursive movements across its recording surface. The electronic digital output of the sensor is proportional to the applied occlusal load at each contact point, is color-coded for its relative occlusal force content, and is positioned within a dental arch by the location on the sensor surface where the occlusal contact occurs. The software processes and displays the occlusal force data of recorded occlusal events in two and three dimensions to be used in the diagnosis and treatment of excess occlusal force.

This study used 'multi-bite recordings' to record the occlusal force as explained by Qadeer et al. \[[@B13]\]. To initialize the software for each individual, the width of the maxillary first incisors of each participant was measured using a digital caliper as well as the missing maxillary third molars. Each participant was asked to wear the occlusal splint firmly occluding into and through the recording sensor and to hold their teeth firmly intercuspated together for 1--2 seconds before repeating that same firm intercuspation twice more followed by a 1- to 2-second intercuspated hold. This 3-closure recording technique ensures that at least one maximum force closure was obtained from each subject. [Figure 2](#F2){ref-type="fig"} shows the occlusal force distribution of one participant. We took all occlusal force data that corresponded to the articulating paper mark area on the same participant for the multi-regression analysis.

4. Prediction Model
-------------------

We chose to use multiple regression analysis \[[@B15]\] as the underlying model for the prediction of occlusal force. Multiple regression implements a general linear regression model and is especially appropriate for incorporation into software applications. Multiple independent variables are used to explain the variation in a dependent variable. In this study, we used the information from the datasets of patients ([Table 1](#T1){ref-type="table"}) and applied the multiple regression equation to these datasets to develop a model for predicting occlusal force from the articulating paper mark size in pixels and the color intensity of red, green, and blue. Finally, we evaluated the accuracy of the multiple regression model for predicting the occlusal force in bruxism patients wearing occlusal splints.

We implemented the occlusal force prediction model using multiple regression. The model computed the occlusal force using four input variables (P = paper mark size in pixels, R = paper mark color in red, G = paper mark color in green, and B = paper mark color in blue) from the digital analysis of the articulating paper markings. The output occlusal force was taken from the T-Scan occlusal force data.

III. Results
============

Thirty Thai participants (23 females and 7 males) with an average age of 25 years were recruited. Multiple regression analysis used the data for articulating paper mark sizes (in pixels) and colors (in red, green, and blue) as independent variables and the data on the computerized occlusal force (in %) as dependent variables. We analyzed the correlation between the occlusal force and the articulating paper mark data using a simple linear regression analysis. The results show that the correlations between force and sizes, force and red, force and green, and force and blue were positive. [Figure 3](#F3){ref-type="fig"} shows the regression lines from the equations between force and sizes (force = 1.26P + 11.71; *R*^2^ = 0.20) and force and RGB (force = 0.04R + 0.02G - 0.01B + 7.27; *R*^2^ = 0.07), respectively. Based on the results above, we then created a multiple regression model using four independent variables sizes and red, green and blue values from the articulating paper marks as follows: occlusal force = 1.62×P + 0.07×R -- 0.08×G + 0.08×B + 4.74; *R*^2^ = 0.34. With only 30 cases in the training dataset, our experiments showed that the changes in the predictor variables were associated with changes in the response variable.

To evaluate the occlusal prediction model, we randomly recruited 10 new participants from the university clinic. All participants gave their written informed consent as approved by the institutional ethical review board. The age range, inclusion and exclusion criteria, occlusal splint procedure, and articulating paper recordings of the new participants were the same as those for the participants used in the development of the prediction model. The occlusal force of the new participants measured by T-Scan was used as the 'gold standard' for comparison with the occlusal force predicted by the model ([Figure 4](#F4){ref-type="fig"}). There was a high degree of agreement between the occlusal force of a participant measured by T-Scan and the occlusal force predicted by the multiple regression model (kappa value = 0.82).

IV. Discussion
==============

Bruxism is commonly considered to be the main contributor to dental attrition, periodontal disease and temporomandibular joint disorders \[[@B16]\]. This nocturnal behavior is comprised of rhythmic, yet forceful, mandibular grinding as well as prolonged muscular clenching of the dentition. One of the primary areas of concern with respect to the bruxing behavior is the creation of a high bite force between the upper and lower dentitions. A study \[[@B17]\] reported that the nocturnal bite force during bruxism can exceed the amplitude of the maximum voluntary bite force during the day.

Occlusal splints have been used for many years as an effective treatment for bruxism. Identification of the occlusal force is essential to adjust the occlusal splint to obtain force redistribution and a reduction of the bruxism symptoms \[[@B9][@B10][@B11]\]. Subjective interpretation is an ineffective clinical method for determining the relative occlusal force content of tooth contacts. The reported low scores obtained from a large group of participating dentists suggest that clinicians are unable to reliably differentiate high and low occlusal force from looking at articulating paper marks. This long-standing method of visually observing articulating paper marks for occlusal contact force content should be replaced with a measurement-based, objective method \[[@B18]\].

This current study proposed a model for the prediction of the occlusal force using the size and color of articulating paper marks in bruxism patients using multiple regression analysis. This study established a correlation between the occlusal force on the occlusal splint expressed by the size (pixels) and color (RGB) of the articulating paper marks. The weak correlation (force = 1.26P + 11.71; *R*^2^ = 0.20) found between the occlusal force and the pixels shows that the bite force is poorly predicted solely by the size of the articulating paper marks. The result is in agreement with \[[@B13]\], which indicates that the size of the articulating paper marks is an unreliable indicator of the applied occlusal force. However, a strong correlation was found between the bite force and the size of the eccentric on the articulating paper (pixel) and the color (RGB) using the multiple linear regression equation (force = 0.04R + 0.018G -- 0.01B + 7.27; *R*^2^ = 0.07). The multiple regression model was incorporated into the decision support system. By evaluating the accuracy of the system using new patient data, the system was shown to be highly accurate in predicting the occlusal force on the occlusal splint of bruxism patients.

The current study was limited by focusing on an objective aspect of the variable contributing to the occlusal force in bruxism patients. The limited amount of literature on the causal relationships between articulating paper markings and other factors and the occlusal force makes it difficult to estimate the influence of multiple factors and how they may interact with biomechanical as well as individual factors. The prediction model used in this study does not permit the addition of new data, which can be used to update, or retrain and validate the model. An iterative modelling methodology that can be dynamically modified and optimized should be explored in the future. The data used in this study was cross-sectional and derived from a limited number of bruxism patients. Further studies should be carried out to monitor the occlusal force during and at the end of the treatment. In conclusion, this study demonstrated that the multiple regression model can predict the occlusal force using the digital values of the size and color of articulating paper markings in bruxism patients.
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